Options for utilizing live donor kidneys from those who are blood type incompatible or crossmatch positive with their intended recipients include kidney paired donation (KPD), list paired donation (LPD) and desensitization. KPD provides live donor kidneys for both recipients but requires a match to another incompatible pair, while LPD utilizes the deceased donor pool but is restricted by ethical and logistic concerns. We simulated patients and their potential donors to determine which recipients could receive a kidney through KPD and LPD. With smaller populations (100 pairs or fewer), more kidneys were matched through LPD, although the greatest benefit was derived from a combination of LPD and KPD. With increasing population sizes, more patients were matched through KPD, including almost all patients who would have been eligible for LPD. At population sizes predicted to be achieved by a national paired donation system, the role of LPD became minimal, with only 3.9% of pairs unmatched through KPD eligible for LPD. Considerable overlap was seen between the pairs unmatchable by KPD and those ineligible for LPD, namely less-demanded donors and hardto-match recipients. For this population, the best option may be desensitization.
Introduction
Currently, 60 000 patients are waiting on the kidney transplant list and thousands more will be added this year (1) . Very little increase has been seen in availability of deceased donor kidneys, while live donation has nearly tripled in the last decade. It is predicted that more than 2150 donor/recipient pairs per year are excluded from transplantation because of blood type incompatibility (ABOi) or positive crossmatch (+XM) (2) .
Four options currently exist for incompatible donor/ recipient pairs. First, a number of specialized centers report success with incompatible kidney transplantation using desensitization strategies like plasmapheresis, intravenous immunoglobulin, pharmacologic B-cell depletion or splenectomy (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Second, kidney paired donation (KPD) allows for exchange of donor organs between 2 incompatible donor/recipient pairs, such that the resulting pairs achieve compatibility (14) (15) (16) (17) (18) (19) (20) . Third, list paired donation (LPD), also known as living-donor-cadaver-donor exchange or list exchange, allows the recipient of an incompatible pair to receive priority on the deceased donor list for providing the waitlist with the kidney from his intended live donor (21) . The final option is to forgo live donation and wait on the deceased donor waiting list.
Most medically eligible incompatible pairs can theoretically be transplanted using desensitization protocols. Some patients will harbor very high levels of anti-HLA antibody against their donor, making desensitization impractical. The long-term graft and patient survival results of the various desensitization protocols are not yet known (22) . In contrast, KPD can eliminate the incompatibilities between the matched pairs with results expected to recapitulate standard live donor transplants (15) . However, not all patients can be matched through KPD (23, 24) .
In LPD, a recipient trades off the disadvantage of accepting a deceased donor kidney (instead of the kidney from his live donor) with the advantage of avoiding incompatible transplantation (21) . Since LPD selects exchanges from the deceased donor organ pool, it has proven useful for centers or regions where the breadth of deceased donors exceeds that of incompatible donors (21). However, major concerns have been raised about the equity of LPD. First, a deceased donor kidney has a considerably shorter halflife when compared to a live donor kidney (25) . Furthermore, most of the recipients who present with an ABO incompatible donor are blood type O and can only receive an O kidney. For each LPD in which the deceased donor pool loses an O kidney and gains a non-O kidney, non-O waiting time on the list decreases while O waiting time on the list increases (2) . This disproportionately disadvantages blood type O patients on the waiting list who already endure longer average waiting times (2) . This has led to calls for limiting donor/recipient pairs eligible for LPD, by over 50%, in order to avoid harm to the waiting list (26) .
We hypothesize that the most efficient and cost effective way to transplant an incompatible donor/recipient pair is through KPD. We have previously reviewed the cost benefit of KPD and the utility of an optimized algorithm for matching (23) . In this manuscript, we simulate the blood types and sensitization of incompatible donor/recipient pairs, and characterize which pairs will be eligible and ineligible for LPD and which pairs will successfully match or remain unmatched after KPD. We show that LPD offers more opportunities than KPD when very small groups of patients are considered. This is likely the driving force behind LPD in small local or regional settings. As the incompatible population size increases, almost all patients who would have been eligible for LPD are matched via KPD, and the role for LPD nearly disappears at population sizes predicted to be achieved by a national paired donation system.
Methods
Since there are no direct data regarding incompatible donor/recipient pairs who would be considered for KPD or LPD, we simulated patient pools using United Network for Organ Sharing (UNOS) data and a decision tree model similar to ones previously described (1, 2, 23, 26) .
Simulated donors and recipients
Simulated families begin with the intended recipient and his two parents. The potential donor pool includes the parents, siblings of the recipient, spouse, friends and children of the recipient (as many as 4 of which are eventually worked up). Parents are assigned a race based on UNOS kidney donor racial distributions (2) . The recipient, his siblings and his children are assigned the same race as the parents. Race of unrelated potential donors is modeled as previously described (23) . Blood types and HLA of the parents, spouse and unrelated donors are simulated based on race-specific ABO (2) and HLA (27) distributions. The recipient, his siblings and his children are assigned ABO type and HLA by genetic inheritance.
Decision tree model
Up to 4 potential donors are selected for workup using a decision tree model similar to the one previously described (2, 26) . The relationship to the recipient of the simulated potential donors is based on UNOS live kidney donor distribution (Table 1) (1). Medical ineligibility or unwillingness excludes 25% of spousal donors and 56.7% of other donors (2) . Crossmatch tests are simulated based on recipient sensitization to HLA antigens. General sensitization of the recipient to HLA (as a result of blood transfusions, Table 2 shows the general and wife/mother rates of positive crossmatch simulated for our decision tree model based on PRA assignments. After all exclusion criteria are considered, recipients with any willing, medically eligible, blood type compatible, crossmatch negative donors are assumed to undergo direct donation. Remaining recipients with a medically eligible, willing donor who is ABOi or +XM are considered for KPD or LPD.
Estimated number of incompatible pairs per year
In 2003 in the United States, 6468 live donor kidney transplants were performed (1) . To determine the number of incompatible pairs that would arise nationally based on donor availability, we simulated recipients and donors using the applicable decision tree model until 6468 direct donor transplants were realized. Since this number varies with each execution of the decision tree model, a rounded mean was obtained over 30 runs and used to generate subsequent populations that were either entered into a KPD algorithm, LPD or a combination of KPD followed by LPD of eligible pairs unmatched by KPD.
Kidney paired donation
To determine the characteristics of patients that could be served by KPD, optimized KPD matching was performed using graph theory as previously described (23) . In brief, a matching procedure was implemented on a personal computer based on the Edmonds algorithm (28, 29) . Through this algorithm, every possible combination of matches from the donor/recipient pool was considered, compared and the combination that yielded the maximum number and quality of transplants was selected.
List paired donation
Pairs were considered ineligible for LPD based on the published exclusion criteria of the New England Organ Bank (21) , an existing list exchange system, as well as ethical considerations outlined by Ross and Zenios (30) . As such, excluded pairs were type O recipients with non-type-O donors (30) and highly sensitized recipients (PRA>80%) (21) .
Statistics
For every experiment, we generated random databases of donor/recipient pairs, based on the simulated patient characteristics described above. Each experiment was executed 30 different times, each time using a newly simulated patient database. Statistical significance between numbers of pairs matched was calculated using Student's t-test.
Results

Blood type distributions
We simulated populations of incompatible donor/recipient pairs based on the assumption that each recipient had 2 potential donors (2-donor decision tree model). This simulation predicts a rounded mean of 3584 incompatible pairs per year with blood type distributions as shown (Table 3 ). Based on these characteristics, 30 separate donor/recipient populations were simulated. Each population in its entirety was reviewed for eligibility for LPD based on the published criteria (21, 30) . Furthermore, each population in its entirety was entered into an optimized KPD algorithm (23) . The blood type distributions of the 1330 A weighted distribution was used to offset the fact that highly sensitized patients are more likely to wait on the waiting list. This simulation seeks to model all recipients who enter the system within a year, including those who undergo live donor transplantation, those who receive a deceased donor kidney and those who, for reasons of donor unavailability or HLA/ABO incompatibility, cannot be transplanted and are added to the waiting list. * * Multiparous female patients have an increased sensitization to their husbands as well as their children, in addition to any PRA they may have developed. For example, 2 random people have an 11.1% chance of a positive crossmatch between them, while a multiparous woman has a 33.3% chance of a positive crossmatch with her husband (2) . For these crossmatches, we compound the positive crossmatch rate resulting from the woman's PRA with this added factor. pairs (37% of original population) eligible for list exchange (Table 4) , the 1730 pairs (48% of original population) who matched through KPD (Table 5 ) and the 1854 pairs (52% of the original population) who remained unmatched after KPD (Table 6 ) are compared. Patients unmatched after KPD were then reviewed for eligibility for LPD (Table 7) .
Blood-type-specific inequities are seen in the UNOS data and further corroborated by our findings. Number of  pairs  dO  dA  dB  dAB  Total  %  dO  dA  dB  dAB  Total   rO  214  849  293  50  1406  rO  12%  46%  16%  3%  76%  rA  26  155  23  90  293  rA  1%  8%  1%  5%  16%  rB  14  22  39  62  137  rB  1%  1%  2%  3%  7%  rAB  1  7  5  6  18  rAB  0%  0%  0%  0%  1%  Total  254  1032  360  208  1854  Total  14%  56% 19% 11% (26) , the role for LPD in the setting of KPD is limited.
Relative contributions of KPD and LPD
For the 2-donor decision tree model simulated above, we compared the number of potential transplants resulting from LPD alone, KPD alone or KPD followed by LPD for patients unmatched by KPD (Figure 1 ). The relative contributions of KPD and LPD to a combined approach are also delineated. For this population, KPD leads to successful transplantation for more patients than LPD (1730 vs. 1330, p < 0.0001). A small further gain is seen when patients unmatched by KPD are considered for LPD as well (141 eligible patients out of 3584 incompatible pairs).
Effect of incompatible population size
To evaluate the effect of incompatible population size on the role of LPD and KPD and the characteristics of the populations involved, we simulated populations of varying sizes using the blood type distributions of the 2-donor decision tree model. We report, for selected sample sizes, the blood type distributions of patients eligible for LPD, those who matched through KPD and those who remained unmatched after KPD but were eligible for LPD (Table 8) . Furthermore, we compare the number of potential transplants resulting from LPD, KPD and KPD followed by LPD (Figure 2 ).
With very small populations of donor/recipient pairs (100 or fewer), more patients will be served by LPD than by KPD (p < 0.05 for 50 or fewer pairs, trend noted but not statistically significant for 100 pairs), because LPD can exchange with the entire deceased donor pool while KPD is limited to the incompatible pool. However, it is clear that regardless of donor makeup, more pairs will be served by a combined approach (KPD followed by LPD) than by either modality alone.
Effect of potential donor pool
For the decision tree model used in these simulations, the number of potential donors (before medical workup, psychological evaluation, blood typing and crossmatch are performed) who are available to each recipient is chosen.
To evaluate the effect of donor availability on the role of LPD and KPD and the characteristics of the populations involved, we simulated populations based on 1-, 2-, 3-and 4-donor decision tree models. We report, for each number of available donors, the blood type distributions of patients eligible for LPD, those who matched through KPD, and those who remained unmatched after KPD but were eligible for LPD (Table 9 ). Furthermore, we compare the number of potential transplants resulting from LPD, KPD and KPD followed by LPD (Figure 3 ). The available incompatible donor/recipient population decreases in size as number of potential donors increases because of the resulting increase in compatible donor availability. However, no matter how many potential donors are available (between 1 and 4), more patients are served by KPD than by LPD (p < 0.0001), with some added benefit to a combined approach (KPD followed by LPD).
Discussion
A kidney transplant recipient with an incompatible live donor has four choices: (i) undergo desensitization and receive the kidney directly from the live donor, (ii) agree to accept a deceased donor organ through a LPD, (iii) enter a KPD in an attempt to find a live donor kidney without the need for undergoing desensitization therapy or (iv) register for the deceased donor waiting list. As the availability of the first three modalities increases throughout the country, various questions and controversies have arisen regarding the most favorable approach in terms of access, equity, results and cost. In this report, we use a decision tree model simulation and optimized KPD algorithm to answer important questions relating to the relative merits and shortcomings of these three approaches. recipients). Patients who remain unmatched after KPD could enter a second pool in which a more immunologically compatible donor is sought but the requirement for ABO compatibility or crossmatch negativity is relaxed. The goal in this incompatible paired donation would be to reduce the intensity and cost of desensitization. Alternatively, unmatched patients could wait for other pairs to enter the pool.
LPD offers patients with incompatible live donors the option of moving to the top of the deceased donor waiting list in return for providing a live donor kidney to the deceased donor pool. We have shown that for small populations, more patients are served by LPD than KPD. This is consistent with a report from New England, where both KPD and LPD are in practice, and that 17 patients were transplanted via LPD when compared with 8 through KPD. However, ethical concerns may prevent O recipients with non-O donors from undergoing LPD (30) . No such restrictions are necessary for live donor KPD because the deceased donor list is not adversely affected.
We have shown that the greatest number of matches can be achieved through a national paired donation program utilizing an optimized algorithm for patients who have eligible incompatible live donors (23) . Using simulated populations of incompatible pairs, we have shown that on a national level, as a primary modality, LPD will yield fewer matches and is much less desirable than a national KPD. Combining LPD with KPD will only yield a very small number of additional matches over what can be achieved by KPD alone. LPD after KPD may be ethically flawed, because LPD of nearly all of the patients unmatched after KPD would likely worsen the inequity in waiting time on the list. Since KPD provides both matched recipients with a more durable live donor kidney and is free of the ethical concerns surrounding LPD, we feel that LPD at best has a limited role on a national level. For patients unmatched by KPD and ineligible for LPD, desensitization likely offers the best chance for success.
